ABSTRACT
IMPORTANCE
The present study finds significant evidence of selection on gp120 molecules of SIV/SHIV T/F viruses. The data provide ancillary evidence suggesting the same sites are under selection in HIV. Our findings suggest that the signature residues are involved in increasing the transmissibility of infecting viruses; therefore, they are potential targets for developing a vaccine or other protective measures. A recent study identified the same T/F signature motif but interpreted it as an effect of neutralization resistance. Here, we show that the T/F motif has broader functional significance beyond neutralization sensitivity, because it is present in nonimmune subjects. Also, a vaccine regimen popular in animal trials might have increased the transmission of variants with otherwise low transmission fitness. Our observations might explain why many animal vaccine trials have not faithfully predicted outcomes in human vaccine trials and suggest that current practices in vaccine design need to be reexamined accordingly.
F
or over 2 decades, it has been clear that human immunodeficiency virus (HIV) transmission and the inception of a productive infection involves a population bottleneck (1, 2) . In about 80% of heterosexual HIV transmissions, a single transmitted/ founder (T/F) variant establishes infection (3) . To date, it is unclear whether any infectious HIV in the donor pool is equally likely to initiate transmission or whether HIV variants undergo selection during transmission (4) . The population bottleneck in the transmission of T/F viruses suggests that selection plays a role in HIV transmission, but quantitative evidence supporting this intuition has yet to come forward. Finding evidence for selection during HIV transmission is of particular interest, because it would indicate that phenotypic and/or genetic properties of the T/F viruses can be harnessed as vaccine targets.
Phenotypically, transmitted viruses are known to be preferentially CCR5-tropic viruses (5) . However, the specific molecular features increasing risk of T/F transmission, if selection applies, have not been clearly defined. On the other hand, T/F viruses might be chosen uniformly at random and not as a result of selective pressures. Thus, establishing whether HIV transmission is under selection or a uniform random process is central to designing effective HIV vaccines and other protective measures.
The present study couples logically simple statistical methods to computational sequence analyses to evaluate the properties of T/F variants from six simian immunodeficiency virus (SIV), two hybrid SIV-HIV (SHIV), and four HIV-1 infection cohorts. The datasets contain examples of primate lentiviral infection in the presence (6) (7) (8) and absence (9) of a humoral response through vaginal (10) , rectal, or intravenous (6, 9, 11) routes of transmission, as well as from multiple low-dose, single high-dose, and natural human infection dosages.
Our findings indicate that the gp120 molecules of primate lentiviruses are under selection during transmission. Furthermore, we identify at least four (and up to six) sites on gp120 under selection. The T/F "signature" motif is highly conserved regardless of vaccination status, viral dosage, or transmission route. Here, we pose several hypotheses regarding the role of the infection signatures in facilitating enhanced infectiousness of T/F viruses, which make the C1 signatures likely targets for developing an effective vaccine or treatment. We also find evidence to indicate that the transmission signatures have broader functional significance than previously reported.
MATERIALS AND METHODS
Datasets. The present study placed specific requirements on its datasets (as detailed in Results), so the following datasets were available for entry into the study. Note that the requirements stipulated that single-genome amplification (SGA) generate all sequences.
Unvaccinated Keele-SIVsmE660 and Keele-SIVmac251 datasets. The present study analyzed data from the 18 adult Indian rhesus macaques (Macaca mulatta) in the study by Keele et al., which were inoculated with low-dose intrarectal and intravenous SIVsmE660 and SIVmac251 (termed Keele-SIVsmE660 and Keele-SIVmac251, respectively, or Keele-SIV datasets) (9) . The animals had no preexisting humoral response to Env at the time of exposure. The SIV inocula contained a viral quasispecies with env diversity comparable to that observed in humans 1 to 2 years after infection by HIV-1 (9, 12) . Since the present study focuses on the properties of T/F viruses, we identified the animals with data at ramp-up viremia (5 SIVsmE660 and 8 SIVmac251 animals). Under experimental conditions, the transmitted viruses are unknown and must be inferred. Thus, examining viruses early in the infection improves the accuracy of phylogenetic inference of the T/F virus. We dropped one SIVsmE660-infected animal (CP37) from the present study because a discrete transmitted lineage could not be clearly identified (see Fig. S1 in the supplemental material). The 12 remaining animals (4 SIVsmE660 and 8 SIVmac251) showed one or more transmitted lineages on neighborjoining (NJ) trees of the stock and animal sequences (see Fig. S1A and S2 in the supplemental material).
Vaccinated SIV smE660 (Roederer-SIV) datasets. We analyzed the env sequences of viruses in the inoculum and in the infected rhesus macaques from the four treatment arms of the Roederer et al. study (termed the Roederer-SIV datasets) (6) . All animals received a DNA prime, recombinant adenovirus type 5 (rAd5) vaccine regimen. The control group received vectors with no inserts, while the three other groups received Gag mosaic, mosaic Env, and SIVmac239 Env immunogens. The env sequences in the Roederer et al. study come from the earliest time point with detectable plasma viral load. We used the T/F env sequences deduced by Roederer et al. and deposited in GenBank.
SHIV-BaL (Klein-SHIV) dataset. Four female rhesus macaques in the Klein et al. study (10) were inoculated vaginally with a single high dose of the SHIV-BaL strain (termed the Klein-SHIV dataset). The four SHIVBaL control animals received no antibodies. Klein et al. collected blood samples 6 h after infusion (day 0) and at 7, 14, and 21 days postinfusion. The env sequences we analyzed came from the first viral RNA-positive plasma sample. Figure S3 in the supplemental material shows SHIV-BaL stock and animal trees and transmitted lineages. pSF257-SHIV clone. pSF257 is a clade B SHIV we made based on an infectious molecular clone of a T/F HIV-1 AD17 virus (11) . The AD17 virus came from an acutely infected subject in a cohort of acutely infected men who have sex with men (MSM).
Step-HIV datasets. We analyzed the T/F viruses on the vaccine and placebo arms of the Step vaccine trial (termed Step-HIV datasets). Subjects in the vaccine group received Merck adenovirus 5 (MRKAd5) HIV-1 subtype B Gag/Pol/Nef immunogens (7, 8 ). The
Step trial tested for HIV-1 infection at day 1 and weeks 12, 30, and 52 and every 6 months for 4 years. Sequencing was performed on plasma specimens collected at the time of HIV-1 diagnosis.
Gnanakaran-HIV datasets. Gnanakaran et al. collected sequence variants from HIV-1, subtype B, sexually transmitted infections in individuals from the United States and Trinidad (termed the Gnanakaran-HIV datasets) (13). Gnanakaran et al. classified infections according to Fiebig stages and divided the data into two sets, original and holdout; the latter set was created for hypothesis testing. Sequences from Fiebig stages 2 to 5 were grouped into the Gnanakaran-HIV original/holdout acute group, and chronic sequences were put in the Gnanakaran-HIV original/ holdout chronic group. Sequences from Fiebig stage 1 were not available. By following the protocol of Gnanakaran et al., we derived a consensus sequence for each patient. The consensus sequences in the acute subsets represent the T/F variant population. In the case of a single transmitted variant, the consensus sequence generally models the transmitted virus. Using a consensus in the case of multiple transmitted variants will generate a chimeric T/F variant, which is the best approximation we can derive given the type of data available. Since donor data were not available for the Gnanakaran datasets, we could not perform the type of phylogenetic analysis described below to enumerate the T/F variants. Thus, in contrast to the experimental datasets, we could not select a single predominant transmitted lineage for the Gnanakaran datasets. The consensus sequence for the chronic patients captures the predominant residues at each site within a subject (i.e., the major variants).
Sequence analysis. We translated the env genes of stock and subject variants using HIValign and generated consensus sequences using Consensus maker v.2.0.1, which are tools developed at Los Alamos National Laboratory (14) . To deduce T/F viruses, we implemented a modified version of the protocol by Keele et al. (9) . First, HIValign using MAFFT (16) was used to create a multiple-sequence alignment of stock and recipient Env sequences for each animal (Fig. 1 ). PHYLIP's protdist and neighbor methods, v. 3.69 (17) , then generated a distance matrix and a resulting NJ tree. To ensure independent samples, our statistical tests required us to represent the transmission to each subject with exactly one T/F virus, so when multiple T/F viruses were transmitted, only sequences from the predominant transmitted lineage were used, as shown in Fig. 1 and in Fig.  S1 to S3 in the supplemental material. For each animal, we created phylogenetic trees of stock and animal variants to visualize the number of transmitted lineages (see Fig. S1 to S3). In the majority of animals, a single transmitted lineage was evident (see Fig. S1 to S3). In cases of multiple transmitted lineages, we chose the most heavily populated animal lineage as the predominant transmitted lineage. In addition, to delimit the number of animal variants belonging to the predominant lineage, we required each predominant-lineage animal variant to have no more than 10% stock sequences as its closest variants. Lastly, the Env sequence of the T/F virus was deduced by generating a consensus sequence from the multiple-sequence alignment of the predominant transmitted lineage.
Statistical analysis. To ensure a conservative statistical analysis, all P values reported are two sided. To facilitate reproduction of our calculations, we reported P values directly; they are reported as significant only if they survive a statistically conservative procedure, namely, Tarone's modification (18) of the Bonferroni correction for multiple testing (19) . Fisher exact tests (20) were used for signature scanning, Mann-Whitney-Wilcoxon tests (20) were performed on glycosylation and loop length analyses, and Fisher inverse chi-square tests (21) were used to perform the metadata analyses.
RESULTS
Criteria to evaluate selection during lentiviral transmission. Often, only one HIV variant from the donor pool establishes a productive clinical infection in the exposed subject (3), leading to the following question: are HIV T/F viruses chosen uniformly at random from the donor pool, or are they selected because they have advantageous traits facilitating transmission? To reflect transmission events faithfully, relevant data must satisfy several stringent criteria. We required datasets involving infections (i) in vivo; (ii) sampled during the earliest stages of the acute phase; (iii) with known genetic compositions of donor/stock and recipient pools; and (iv) with sequences generated through SGA methods.
Given the uncertainty of host or virus factors affecting the success of viral transmission, in vivo infections are preferable. However, deciphering early events of in vivo infections is complicated by the viral "eclipse" period. During viral eclipse, the single or a few successful transmitted variant(s) establishing infection replicate in local tissues. However, current nucleic acid tests cannot quantitatively detect viral variants until the swarm size surpasses the detection threshold (i.e., ϳ50 copies/ml) (reviewed in reference 4). Thus, the best chance to deduce T/F viruses accurately is to use datasets with viral sequence data from the earliest stages of the infection.
We searched specifically for datasets with viral sequences sampled from the seroconverted recipients at the earliest phases of acute infection (i.e., the equivalent of Fiebig stages 1 to 4). We required early acute variants in the recipient because T/F variants cannot be explicitly determined but can be inferred only by phylogenetic modeling. T/F viruses are deduced routinely by phylogeny as the ancestral sequence of a mostly homogenous swarm of early viruses (3, 9, 11, 22) .
In addition, our study used sequence data only for infections where the genetic composition of both donor (stock or seropositive donor) and recipient (animal or seroconverted recipient) variants were known. Knowing the genetic composition of donor and recipient variants was necessary to meet the main objective of the present study, i.e., to determine whether T/F viruses differ significantly from the remaining circulating variants in the donor pool, and if so, to identify any advantageous traits facilitating their increased transmissibility.
We also decided to omit any dataset with sequences generated prior to the advent of SGA methods. By omitting non-SGA datasets (e.g., the mother-to-child transmission [MTCT] pairs from references 15 and 23), we hoped to avoid drawing conclusions subject to possible biases by Taq polymerase or recombination errors (3) .
Given the need to meet the above-described stringent criteria, our study evaluated selection at transmission mainly in experimental infections with SIV and SHIV. Although HIV data obviously are relevant to the eventual aim of developing AIDS therapies, the data associated with natural HIV infections generally come from long sampling intervals (e.g., ϳsix months in the MTCT pairs from references 15 and 23), which impairs our ability to capture viruses early enough to ascertain the properties of initial transmitted viruses accurately. Several HIV datasets we considered had nonhomogeneous viral populations in the seroconverted recipients, suggesting infection had progressed past ramp-up acute viremia; thus, the viral population had begun to diversify. Unfortunately, the long intervals between actual transmission and blood sampling make capturing a diversified HIV population in recent seroconverted recipients of human trials common.
Some other HIV datasets included data from early stages of infection (e.g., the Step trial [7, 8] and the acute datasets of Gnanakaran et al. [13] ), permitting us to deduce the corresponding T/F variants reasonably well, but donor data were unavailable. Thus, we used the datasets from the experimental infections in Table 1 to evaluate the role of selection and used the datasets from natural infections to provide ancillary evidence of residue preferences in HIV at the SIV/SHIV signature sites.
The experimental infections also afforded the additional benefit of observing multiple subjects infected with the same stock. The Keele-SIV study infected four animals with SIVsmE660 and eight with SIVmac251, the Roederer-SIV study infected 20 animals in each treatment group (a total of 80 animals), and the Klein-SHIV study infected four with SHIV-BaL. In our statistical treatment, each animal inoculation becomes a different, independent sample from the same population, contributing to the statistical power of our study. Matching the same conditions in a natural human infection would require the same donor subject infecting multiple recipients. We are not aware of HIV transmission data linked epidemiologically by a common donor also fitting our other criteria. Thus, at present, the SIV/SHIV animal infec- tions proved to be the best models to address the present question of selection during HIV transmission.
Our statistical tests require only that samples from a viral population be probabilistically independent, not that the phylogeny of the samples within the population be independent. Note, therefore, that although the two usages of "independent" can create linguistic illusions, our statistical methods remain valid.
Signature sites under selection in SIV transmission. To evaluate the role of selection in SIV transmission, we analyzed Env variants from seven sets of macaques infected experimentally with stocks of SIVsmE660 or SIVmac251. The experimental datasets covered vaccinated as well as unvaccinated subjects, with infections resulting from rectal or intravenous routes of transmission through low-dose inocula ( Table 1 ). The sequences of T/F viruses were inferred analytically by applying the standard protocol of Keele et al. and others (3, 9, 11, 22) as described in Materials and Methods. Phylogenetic trees of stock and animal variants showed low-diversity transmitted lineages (see Fig. S1 and S2 in the supplemental material), reflecting diversification from discrete T/F viral genomes.
We analyzed multiple sequence alignments of stock and T/F Env proteins in search of signature sites of transmission within each dataset ( Fig. 2 ; also see Fig. S4 in the supplemental material). Signature residues were defined as sites where a Fisher exact test determined that the amino acid preference in the T/F variants was significantly different from the corresponding residue in the stock variants. Signature scanning was performed by dataset; i.e., we aligned each stock to the T/F sequences in the given dataset and identified sites with differential residue frequencies between the two groups (stock versus T/F viruses). For concise illustration, Fig.  2A shows a multiple-sequence alignment of the consensus of each dataset along the Env region containing the signature sites. The supplemental material shows extensive alignments of all variants in the present study (see Fig. S4 ). Figure 2B zooms in on the signature columns where the residue difference between stock and T/F variant was statistically significant.
We examined the residue preferences in full-length Env sequences, including the signal peptides (where available), gp120, and gp41 proteins of stock and T/F variants. Nonetheless, all signature sites consistently mapped to the signal peptide and the C1 region of gp120 ( Fig. 2A) . The Keele-SIVsmE660 dataset showed five signature sites: one site on the Env signal peptide and four in the C1 region of gp120. The Roederer-SIV datasets showed the same C1 signatures. Detailed results are outlined below, listing individual P values by site. To evaluate whether the individual P values from the Keele SIV datasets are significant on their own, a Bonferroni multiple-test correction factor of five may be applied (to account for five sites showing significant variation according to recommendations in reference 18). A correction factor of four is appropriate for the Roederer-SIV datasets, considering that only four sites show significant variation. Minimal variation across SIV variants was evident elsewhere on Env, but no other sites proved statistically significant.
The Keele-SIVsmE660 dataset sequenced 42 env genes from the stock and 108 ramp-up viremia variants from four challenges in Indian rhesus macaques. The Env proteins of the KeeleSIVsmE660 stock and T/F variants were virtually identical throughout, except at five sites with starkly different amino acid preferences ( Fig. 2 ; also see Fig. S4 in the supplemental material). A Fisher exact test showed strong residue differences at positions 9 (P ϭ 4.99eϪ3), 33 (P ϭ 4.99eϪ3), 55 (P ϭ 2.14eϪ4), 64 (P ϭ 9.19eϪ5), and 88 (P ϭ 1.35eϪ2) in the Keele-SIV dataset ( Fig.  2A) . The RIAK Keele-SIVsmE660 motif survives the modified Bonferroni adjustment at ␣ ϭ 0.05 (see Fig. S5 in the supplemental material). The N T/F signature at position 88 on the KeeleSIVsmE660 set showed a trend toward selection with a corrected P value significant at ␣ ϭ 0.06 (see Fig. S5 ). The alignment positions in Fig. 2 correspond to HXB2 coordinates; the HIV-1 HXB2 protein was added to the alignment for reference purposes. Residues KVTRS predominated in the Keele-SIVsmE660 stock pool, while T/F viruses featured an RIAKN signature at the corresponding positions ( Fig. 2A) .
Keele et al. also inoculated eight additional animals with a stock of SIVmac251. The Keele-SIVmac251 dataset reported 61 env genes from the stock and 260 ramp-up (acute) viremia variants from eight animals. We could not detect any statistically significant differences between the SIVmac251 stock and the T/F variants (see Fig. S5 in the supplemental material). However, three of the SIVsmE660 sites were completely conserved in the mac251 T/F viruses. Positions 55, 64, and 88 featured AKN, but so did the stock viruses, which indicates that the SIVmac251 stock does not Fig. S5 in the supplemental material) . T/F viruses in the mosaic Env treatment showed a strong preference for I(A|T)KN (P values: I, 4.11eϪ2; K, 3.02eϪ2; N, 5.02eϪ3) (Fig.  2B ). Preference for A over T at position 45 is not significant (P ϭ 0.124); half of the mosaic Env T/F variants carried A, while the other half carried the donor signature T at position 45. Only the N site in T/Fs of Roederer-SIV mosaic Env group survives at ␣ ϭ 0.05 after the stringent multiplicity adjustment (see Fig. S5 ). The majority of T/F viruses in the Roederer-SIV control and gag treatment groups carried the same signature residues as the stock viruses (i.e., VTRS) (Fig. 2B) .
We found a variant in the Keele-SIVsmE660 stock with all four residues of the IAKN T/F signature: 1/42 stock sequences carried IAKN at sites 33, 55, 64, and 88. Three stock variants featured R at position 9, but a stock variant carrying the full RIAKN motif could not be identified. Current sequencing techniques have the limitation that they cannot sequence deeply enough to provide a full account of all variants present in the stock or the animal. Thus, our inferences of predominance in the stock and transmitted lineages are close, yet imperfect, approximations of actual viral swarms. On the one hand, we have applied (Tarone's variant of) the Bonferroni multiple-test correction to evaluate whether individual P values from the Keele-SIV and Roederer-SIV datasets are significant on their own. On the other hand, weighing evidence from all six SIV datasets together through meta-data analyses permits generating broader scientific conclusions. Fisher inverse chisquare P values were calculated based on two-sided, Bonferronicorrected, Fisher exact test P values (see Fig. S5 in the supplemental material). Metadata analyses applied to the six datasets indicated that sites 33, 55, 64, and 88 on the C1 region of gp120 are under selection during SIV transmission. The application of the Fisher inverse chi-square test to the SIV datasets yielded overall P values for the signature residues (I, 1.33eϪ3; A, 1.37eϪ2; K, 4.92eϪ3; N, 8.45eϪ3). However, the conservation of signature site R9 was not statistically significant (P ϭ 0.117) over the two SIV datasets with signal peptide sequences. All four C1 region combined P values remain highly significant despite our conservative statistical treatment, indicating strongly that the IAKN residues provide signatures for SIV infectivity.
Signature sites under selection in SHIV transmission. We also searched for transmission signatures in the SHIV study by Klein et al. (10) . T/F viruses were inferred analytically as described in Materials and Methods. The Klein-SHIV infections also showed diversification from discrete T/F viral genomes evidenced by low-diversity transmitted lineages (see Fig. S3A to D in the supplemental material).
Klein et al. challenged four macaques vaginally with SHIV-BaL in the absence of a vaccination regimen (10) . The Klein-SHIV study sequenced 51 stock and 197 animal env variants. None of the SIV signature sites showed a significant difference in Klein-SHIV stock versus T/F variants. The predominant residues in the SHIV variants at positions 9, 33, 55, 64, and 88 were HKAEN, respectively. We found similar residue preferences on pSF257-SHIV, a clade B SHIV clone we made based on an infectious molecular clone of a T/F HIV-1 AD17 virus. pSF257-SHIV featured HQAEN at the SIV signature positions ( Fig. 2A) . Thus, sites A55 and N88 were completely conserved across T/F viruses in all experimental infections of SIV and SHIV. The Klein-SHIV dataset showed one signature site different from those in SIV. The majority of variants in the Klein-SHIV stock preferred V, while T/F viruses preferred E at position 65 (P ϭ 0.012; correction factor, 2).
The signature site at position 65 is exclusive to the Klein-SHIV dataset, but incidentally, it also maps to the C1 region of gp120 and is next to one of the SIVsmE660 signature sites (position 64). The location of the SHIV signature in the vicinity of the other SIV transmission signatures strongly suggests that the C1 region of gp120 is of particular importance to the transmissibility and infectivity of primate lentiviruses.
SIV/SHIV transmission signatures are conserved in HIV.
Various studies have collected data from linked HIV transmission pairs; however, the lack of donor data or late sampling of transmitted lineages make them unsuitable datasets to evaluate selection during transmission. The literature provides HIV transmission data for infections at various stages, including early-, mid-, late-acute, and chronic stages. However, matched donorrecipient data (i.e., chronic data representing the parent population of a known early-acute transmission) also meeting the other criteria deemed essential to this study were unavailable. Thus, we used the signature sites identified in the experimental models to survey residue preferences at those sites in various datasets from natural HIV infections.
The
Step trial identified 21 T/F viruses in the placebo and 30 T/F viruses in the vaccine group (7, 8) . T/F variants from the placebo and vaccine groups of the Step trial showed (K|Q)AEN at the SIV signature locations. Similarly, the original and holdout sets of the Gnanakaran-HIV acute and chronic sets also featured QAEN at the signature sites.
Despite sequence differences between SIV and HIV (24), positions A55 and N88 were completely conserved across the primate lentiviruses sampled in all 12 datasets from SIV/SHIV/HIV infections (Table 1 and Fig. 2) . Additionally, the N-Glycosite package (14) identified the signature residue at position 88 as part of a potential N-linked glycosylation site with the NXT motif.
Identifying a new SIV signature or confirming a previous one on the HIV signal peptide. Gnanakaran et al. reported position H12 (H9 according to HXB2 numbering) in the signal peptide as a transmission signature (13) . Because of alignment ambiguities caused by gaps, Gnanakaran et al.'s H9 aligned exactly with our R9 signature on the SIV signal peptide (Fig. 2) or aligned three residues upstream (see Fig. S6 in the supplemental material) . Thus, the alignment ambiguity implies that we are either confirming Gnanakaran et al.'s HIV signature in SIV or uncovering a new, independent signature site on the SIV signal peptide. Additional experimental work needs to be done before a SIV T/F preference for R can be assigned to HXB2 site 6 or 9 and its role in the preferential transmission of SIV and HIV T/F viruses can be deciphered.
Glycosylation motifs and length of hypervariable loops in T/F viruses. Previous studies have reported signature patterns on the hypervariable loops of T/F viruses. The hypervariable loops of T/F variants have been described as shorter and carrying fewer potential N-linked glycosylation (PNLG) sites than donor variants (24) (25) (26) (27) . We delimited the V1-V2 and V4 hypervariable regions of the SIV variants according to the coordinates in reference 28. We found no consensus in terms of hypervariable loop lengths across the experimental datasets. According to a Mann-WhitneyWilcoxon test, the V1-V2 region of T/F viruses was shorter in the Klein-SHIV dataset (P ϭ 8.08eϪ4), longer in all of the Roederer-SIV datasets (control P ϭ 3.19eϪ8; gag P ϭ 3.42eϪ8; mosaic Env P ϭ 1.79eϪ6; mac239 Env P ϭ 1.33eϪ6), and not significantly different from the stock in the Keele-SIV founders. The V4 region was significantly shorter in Keele-SIV (P ϭ 1.2eϪ10) and Klein-SIV (P ϭ 2.62eϪ13) T/F viruses and equal in length in the stock and T/F variants of all four Roederer-SIV datasets. We also searched for PNLG sites on the hypervariable regions of T/F variants using the N-Glycosite tool. We found no significant difference between the number of PNLGs in T/F versus donor viruses in any of the SIV datasets. We found similar results when analyzing all V1 to V5 regions.
DISCUSSION
HIV transmission typically results from infection by a single variant. However, the question of whether transmitted variants are chosen uniformly at random from the donor pool or whether they are selected based on a set of advantageous traits continues to be unresolved. Even with no quantitative evidence of selection to date, the general consensus in the scientific community has been that selective pressures during transmission must drive the choice of T/F variants. Phenotypically, transmitted viruses are known to be preferentially CCR5-tropic viruses (5). However, the specific molecular features increasing risk of T/F transmission have not been defined. Identifying the distinguishing properties of transmitted viruses is of special interest, since it could reveal potential vulnerabilities of the infecting virus, which in turn could guide the design of an effective vaccine or treatment.
The present study systematically evaluates the differences between the Env proteins of stock and T/F variants from seven sets of experimental SIV and SHIV infections. Our results demonstrate that transmission in SIV and SHIV, and most likely in HIV, involves selection on at least four (and up to six) sites of gp120. Selection of SIV/SHIV could be inferred reasonably across both vaccinated and unvaccinated subjects, with infections resulting from vaginal, rectal, and intravenous routes of transmission and regardless of viral dosage. The evidence for selection in SIV and SHIV T/F variants is strong and plentiful, and in HIV it is suggestive though commensurate with the availability of suitable data for analysis. Unfortunately, trials involving human subjects often produce sparse data scattered in time. The lack of early-acute T/F HIV data with matched donor sequence populations precludes the type of rigorous statistical analysis possible in the animal models.
T/F viruses always possess the properties required for viral transmission, but knowledge of the donor/stock viruses that were not transmitted is required to define the selection pressures on the T/F viruses and to decide whether the transmitted viruses are chosen uniformly at random or result from selection. Thus, the donor/stock population limits the detection of selection by our protocol or any other. Our protocol can test only for selection on the sites where the donor/stock population shows variation.
For instance, let us assume sufficiently strong selection, so that only viruses with I at site 33 (Ile 33) in gp120 can infect. If the recipient is challenged with variants carrying Val 33, Ile 33, or any other residue, only variants with Ile 33 will successfully transmit. However, if the challenging stock has no diversity at site 33, with all its variants having Ile 33, the T/F lineage will carry Ile 33. Note that in the latter case, selection indeed required Ile 33, but neither our protocol nor any other can detect the sieving effect of selection. Therefore, experimenters might well be able to elucidate more signature sites than we present here by diversifying their challenge stocks. In fact, the low diversity of the stock suffices to explain our findings in the Keele-SIVmac251 experiment. The SIVmac251 T/F viruses have IAKN at the signature sites, but since all stock variants also have IAKN, we cannot detect whether selection directs the choice of residues at those sites.
Natural HIV infections might also be displaying similar phenomena due to limited diversity in donor viruses. The residue preferences of all HIV variants we examined bore striking similarities to those seen at the signature sites of SIV/SHIV T/F viruses. The (K|Q)AEN motif in HIV variants was highly conserved regardless of Fiebig stage, geographic location, or transmission route. Given the high mutability of HIV, such conserved residue preferences throughout the course of the infection suggest strong selection to keep those sites fixed. Given that those sites remain fixed, it is likely that any mutations away from the motif are not viable for long, since they seem to be eliminated from the set of fit circulating variants. Since natural HIV circulating variants do not seem to offer a complete combinatorial set of point mutations at the SIV/SHIV signature sites, the best way to gather stronger evidence of selection during HIV transmission might be to examine SHIV and SIV models. Experiments could examine the necessity of particular motifs to transmission by using synthetic viral swarms in the stocks with a diverse set of point mutants to test for the sieving effect of selection.
Although the viral stocks we examined contained variants with only part of the IAKN signature motif, the only variants establishing successful infections with T/F lineages carried the full signature motif. The T/F lineages in 38 animals showed the complete signature motif, even though the signature motif represented only a minor variant in the infecting stock. Singleton point mutants were present in viral stocks but absent from the T/F viruses, strongly suggesting that selection requires all four mutations within a single virus to permit transmissibility.
The present study applies logically simple, conservative statistical tests to yield robust evidence of selection on the gp120 molecules of T/F viruses. While one may evaluate selection at the individual dataset level, metadata analyses increase the statistical power to evaluate selection over all of the SIV datasets. Regardless of which approach the reader finds more appealing, both individual and metadata analyses showed strong support for selection at several signature sites. In addition, evaluating the same hypotheses on different datasets under different treatment regimens revealed signatures conserved over differences in viral species, viral dosages, and routes of transmission. A priori, one might expect different transmission routes to display different selective pressures. However, the sites of amino acid signatures associated with transmission were consistent in mucosal, intravenous, and breastfeeding infections. We also observed the same T/F motif in the mother-to-child transmission (MTCT) pairs from references 15 and 23: those data were excluded from this study only because the MTCT sequences were obtained prior to the advent of SGA. Different transmission routes might lead to selection pressures at sites other than the ones found in this study, but as we have pointed out, experiments using challenge stocks with a variety of point mutants per site could elucidate other sites of selection.
Our main aim here was to discover strong signatures that would survive the rigor of conservative statistical approaches. Therefore, we have presented only two-sided P values of nonparametric Fisher exact and Fisher inverse chi-square tests and indicated multiple-test corrections with Tarone's modification of the Bonferroni correction. In the present context, two-sided nonparametric tests with Bonferroni corrections are exceedingly conservative statistical procedures. It is reassuring indeed that even after our conservative statistical treatment, evidence for selection on the signature sites remains statistically significant.
Previous studies have reported shorter and less glycosylated hypervariable loops in subtypes A and C, but not in B, as potential signatures of transmitted viruses (25, 26) . In contrast, a more recent study reports acute subtype B viruses with shorter and less glycosylated loops than their chronic counterparts (13) . Our findings in the SIV/SHIV datasets display a similar inconsistency. T/F viruses from some of the datasets had shorter, while others had longer, hypervariable loops or loops no different from those in the donor viruses. Likewise, we could detect no donor versus T/F differences in loop glycosylation patterns for any of the SIV/SHIV datasets. Therefore, we could not confirm length and glycosylation motifs of hypervariable loops as defining characteristics of T/F viruses.
The four strongest signature sites of infection mapped to the C1 region of gp120, indicating that C1 is involved in transmission fitness. Moreover, finding all signature sites in close proximity to one another suggests a cooperative effect among the signature residues to enhance transmissibility.
The C1 region is important in three aspects of Env biology. First, C1 is involved critically in the association of gp120 with gp41 in soluble Env trimers (27) (28) (29) . Second, it harbors an epitope region recognized by nonneutralizing antibodies mediating potent antibody-dependent cellular cytotoxicity (ADCC) (30) (31) (32) (33) . Epitopes in this region are sites of ADCC-mediated escape mutations in HIV-1-infected people (30) , and they have been implicated as targets of potentially protective antibodies in the RV144 vaccine trial (34, 35) ; the first atomic structures of this epitope region were published recently (36) . Further, there is emerging evidence that HIV-1 has evolved a global escape mechanism involving Nef and Vpu to keep these epitopes from being exposed on nascently infected cells (33, 37, 38) , suggesting their importance in protective immunity against HIV-1. Third, the signature sites in the C1 region affect sensitivity to neutralizing antibodies where the T/F signatures confer neutralization resistance (6) .
Recent structural studies of soluble Env timer analogs (39-41) permits the generation of a hypothesis as to why the signature residues A55, E64, and N88 are selectively transmitted (Fig. 3) . This region is located within mobile layers that undergo conformational changes after binding to CD4 and the coreceptor, exposing the hydrophobic N terminus of gp41 and leading to fusion of the virus and cell membranes (28, 29) . Both signature sites A55 and E64 map to mobile layer 1 (Fig. 3) . Signature site A55 is in the ␤2 strand, whereas signature site E64 is at the N terminus of the ␣0 helix (39) (40) (41) . This is significant because the ␤2 strand contacts gp41 at F53 and the ␣0 helix contacts gp41 at H72 and A73 in the Env trimer analog (41) . Further, mutation of an F, two residues N-terminal to signature site E64, affects the association of gp120 and gp41 (28, 29) , as does mutation of a V, one position C terminal to E64 (28) . Signature site N88 is an N-linked glycosylation site located between mobile layers 1 and 2 (Fig. 3) . Mutations of this site and flanking residues also affect the association between gp120 and gp41 (28) . Collectively, these data raise the possibility that C1, governing the association between gp120 and gp41, mod-
FIG 3
Location of the T/F signature residues on the gp120-gp41 interactive region. The figure depicts one monomer of gp120 (gray) and gp41 (dark blue helix) from 4NCO (39) . Mobile layer 1 is shown in red, and mobile layer 2 is shown in yellow. The mobile layers were identified in references 3 and 40. The black arrows point toward the T/F residues, and the magenta arrows point toward the gp41 contact residues identified (39) . The numbers are HXB2 coordinates. The green arrows point toward heptad-repeat 1 (HR1) and heptadrepeat 2 (HR2) of gp41.
ulate transmission efficiency, replicative fitness, and/or host cell tropism (3, 22) at the level of virus-cell attachment and entry. It is known that T/F viruses are more infectious for memory CD4 ϩ T cells, the principal early targets of transmission, than for monocytes (3, 22) . The effect of the signature residues in increasing transmissibility could be proximal (e.g., lowering the activation energy required to trigger gp120-gp41 dissociation) or distal (e.g., affecting Env density on virions) (42). Thus, it is possible that the specific combination of T/F signature residues tips the structural mechanics of the envelope trimer in favor of supporting the first steps in primary infection.
Another puzzling aspect of our findings is that should the gp120 signature residues modulate transmission by their interaction with gp41, one might expect to also identify sites under selection in gp41; however, the present study did not find evidence of significant selection in gp41. Still, the lack of evidence of selection on gp41 or on other sites in other genes does not preclude selection there. As explained in the third paragraph of the Discussion, low-diversity stocks can prevent our ability to detect selection. We expect that the sieving effect of selection will be apparent only in experiments infecting with diverse viral swarms and only at sites where variants in the stock present a variety of residues.
The transmitted signature residues also could directly and indirectly affect the antigenicity of the A32-epitope subregion of gp120, where it is a potent ADCC target. Signature site 55 is flanked by contact residues in the ␤2 sheet for A32-like monoclonal antibodies, which mediate potent ADCC (28, 36, 43, 44) . It is not known whether the T/F signature motif affects the antigenicity of this region, but it could favor poor recognition by such antibodies promoting the transmission of variants that are ADCC resistant. Similarly, signature site 64 at the top of the ␣0 helix is adjacent to key contact residues for A32-like antibodies (36) . Signature site 88 is located between the ␤0 and ␤1 sheets connecting mobile layers 1 and 2. Layer 2 also contains key contact residues for A32-like antibodies in the ␣1 helix. Thus, the T/F motif might disfavor the conformation required for A32-like antibodies to recognize the cognate epitopes and mediate ADCC.
At this point, we have raised three main hypotheses, all speculative, to explain the mechanisms of increased transmissibility by the T/F residues: gp120-gp41 dissociation, Env density on virions, and recognition by A32-like antibodies. A definitive determination of whether and how the T/F signature residues modulate transmissibility requires further experimentation.
In addition to the T/F signatures, however, this study has other major findings: it reinterprets the conclusions of a recent animal vaccine trial, in turn raising some serious unanticipated possibilities in HIV vaccine trials.
In our study, only the T/F variants of the control and gag arms of the Roederer-SIV study did not carry the standard IAKN signature motif; control and gag T/F viruses carried the same residues, VTRS, as the majority of viruses in the stock. Roederer et al. interpreted the presence of the IAKN signature in the two Env treatments as purely an effect of their vaccine, accounting for neutralization resistance (6) . It is most likely that this effect is indirect, as the region where the signature residues reside is internal to the epitopes recognized by the monoclonal antibodies for which resistance was increased by the mutations. Most likely, neutralization resistance and increased infectivity for CD4 ϩ memory cells of T/F viruses are related phenomena. However, the IAKN residues at positions 33, 55, 64, and 88 likely have broader functional significance beyond just neutralization sensitivity, because the animals in the Keele-SIV dataset had no preexisting humoral response to Env at the time of exposure, yet they also displayed the IAKN signature, showing that the IAKN motif has a broader functional significance beyond just neutralization sensitivity.
Still, if in the Keele-SIV dataset the IAKN T/F signature provided a disproportionate selective advantage increasing transmissibility, why did Roederer-SIV's control and gag T/F viruses carry the anomalous VTRS signature predominant in the stock, which has a lower transmission fitness in all other datasets? To answer this question, we note that in the Keele-SIV dataset, the controls received only diluent, whereas in Roederer et al.'s vaccine regimens, all groups, including the control group, received Ad5 vectors. Thus, the only stated difference we found between the Keeleand Roederer-SIV controls was that the Roederer-SIV control animals received empty vectors (sham vaccination). Although other, unstated differences might exist between the Keele-and Roederer-SIV controls, we found ourselves forced to entertain the hypothesis that T/F viruses in Roederer et al.'s control and gag groups contained an anomalous VTRS signature because of some unintended effect of sham vaccination with Ad5 vectors.
To test the possible effects of sham vaccination, we analyzed the T/F viruses of the Step trial. The
Step trial inoculated vaccine subjects with an Ad5 vector and placebo subjects with a vaccine diluent only without sham vaccinations. Our analysis of the Step trial showed that both placebo and vaccine T/F viruses featured the standard (K|Q)AEN signature we found in all of the other HIV datasets. Therefore, based on the data from the Step trial alone, the use of Ad5 vectors in the Roederer-SIV study does not appear to have influenced the control and gag VTRS preference. However, in the Los Alamos HIV database (in particular, in the Gnanakaran-HIV datasets), most HIV-1 variants in circulation have the standard (K|Q)AEN signature. Thus, even if sham vaccination were to increase the relative fitness of an HIV homolog of the anomalous VTRS variant, we might not see any anomalous transmission in humans, because circulating HIV populations present low diversity at the SIV signature sites. Thus, HIV homologs of the anomalous VTRS variant probably could not have been observed in the Step trial, because they are not common enough in the human donor pool. Thus, analyzing the Ad5-vaccinated subjects of the Step trial did not allow us to rule out whether the anomalous control and gag transmission patterns in the Roederer-SIV dataset result from sham vaccination.
Although we recognize that the hypothesis is counterintuitive, we could not rule out the possibility that the unusual transmission in the Roederer-SIV control and gag datasets is specifically linked to the DNA/Adeno vaccine regimen as applied to macaques. Thus, the vaccine regimen in the Roeder et al. study, which is a common strategy in animal trials, might have increased the transmission of variants with usually low transmission fitness (i.e., the VTRS variants), and the Env vaccination might merely have brought transmission down to include only the usual IAKN variants seen in completely naive animals, possibly leading to misinterpretation of data as a neutralizing antibody effect. Although we again emphasize that other differences might exist between the Keele-and Roederer-SIV controls, experiments with a different type of control group, one inoculated with vaccine diluent only and no sham vaccination, as in the placebo group in the Step trial, appear necessary. All our findings from various SIV trials suggest VTRS variants have low transmission fitness in naive subjects. Thus, whether due to Ad5 vector or not, the successful transmission of low-fit VTRS variants suggests the disturbing possibility that some aspect of the vaccination protocol is boosting variant transmissibility in control animals. Further testing is paramount to establishing whether our observations partly explain the failure of HIV/AIDS vaccine trials using regimens of DNA priming and/or sham Env vaccination. On the other hand, our findings may be revealing important differences among lentiviral infections of nonhuman versus human primates, which is perhaps why many animal vaccine trials have not faithfully predicted outcomes in human vaccine trials.
Our findings indicate that the gp120 molecules of primate lentiviruses are under selection during transmission. Given that the main four T/F signatures map to the C1 region of gp120, it is likely that the structural mechanics of the gp120-gp41 association take part in facilitating the preferential transmission of T/F viruses. The role of the C1 region in supporting the first steps in primary infection may further come into play in the face of vaccination if it also alters neutralizing antibody susceptibility. Here, we have posed several hypotheses regarding the role of the infection signatures in facilitating enhanced infectiousness of transmitted viruses, which make the C1 signatures likely targets for developing an effective vaccine or treatment.
